T he development of liver cancer is associated with multiple alterations in cellular function and gene expression. 1 One of the main hallmarks of liver cancer is uncontrolled proliferation, which is owing in part to damage of pathways essential to cell-cycle control. In addition, regulation in the coordinated expression of oncogenes and tumor-suppressor proteins (TSPs) is vital to tumor proliferation. One of the key oncogenes and promoters of liver proliferation is a small subunit of 26S proteasome, Gankyrin (Gank). This non-adenosine triphosphatase subunit of the ubiquitin proteasome system (UPS) is a notorious oncogene expressed in several cancer types, including hepatocellular carcinoma (HCC), in which it was first discovered. [2] [3] [4] In agreement with these observations, Gank has been identified as the driver oncogene in the early development of liver cancer through chemical models as well as age-dependent hepatic tumorigenesis. [2] [3] [4] [5] [6] [7] Gank promotes the development of HCC through several mechanisms, including the neutralization of TSPs. TSPs are the main proteins that support the quiescent status of the liver, and it has been shown that the activities of more than 20 different TSPs are lost in HCC because of mutations or hypermethylation of their promoters. 8 In addition, the elimination of TSPs by Gank is essential to carcinogenesis. 4 Specifically, Gank leads to the neutralization of essential TSPs such as tumor-suppressor protein p53, through stabilization of murine double minute 2 ligase and subsequent enhanced ubiquitination, and retinoblastoma, by direct interaction, both of which trigger UPS-mediated degradation. 2, 3, 9 Studies of liver cancer have identified 2 additional targets of Gank: CCAAT/enhancer binding protein a (C/EBPa) and hepatocyte nuclear factor 4a (HNF4a). 6, 7, 9 C/EBPa belongs to the C/EBP family of proteins, basic leucine zipper proteins, which contain basic region and leucine zipper regions. 10 C/EBPa has been shown to be a strong inhibitor of proliferation and a strong TSP. 4, 6, 10, 11 In fact, several recent reports with activation of the C/EBPa gene in animal models of liver carcinogenesis showed that its activation leads to inhibition of liver proliferation and carcinogenesis as well as normalization of liver function. [12] [13] [14] HNF4a is also a strong TSP and expression of this protein correlates with the epithelial-mesenchymal transition involved in metastatic tumor formation. 15 It also has been shown that deletion of HNF4a promotes hepatocyte proliferation and diethylnitrosamine (DEN)-induced liver cancer. 16 In addition to these known TSPs, recent studies have identified RNA CUG triplet repeat binding protein 1 (CUGBP1) as a tumor suppressor, whose activity depends on phosphorylation/dephosphorylation at serine 302. 17 Generation of CUGBP1-S302A KI mice showed that this TSP protects the liver from the development of cancer and that during liver carcinogenesis, Gank eliminates this isoform of CUGBP1. 17 In agreement with this, livers of CUGBP1 knock-out mice show a molecular signature of hepatoblastoma and express increased levels of stem cell markers and reduced levels of markers of hepatocytes. 9 Increasing evidence has shown how Gank is responsible for the activation of additional pathways critical to liver cancer. For example, in addition to its effect on TSPs, Gank also stabilizes the stem cell marker octamer binding transcription factor 4 through elimination of WW domaincontaining E3 ubiquitin protein ligase 2, the ubiquitin ligase that normally marks octamer binding transcription factor 4 for degradation. 18 To promote uncontrolled proliferation, Gank also binds to D-type kinase, cyclin dependent kinase 4, and replaces p16
INK4a from cyclin dependent kinase 4, leading to the activation of cyclin dependent kinase 4 and cell-cycle progression. 2 In addition, Gank increases levels of oncogene Nrf2 by the elimination of Keap1 ligase, which triggers degradation of Nrf2. 19 Regulation of activities of Gank in the liver is quite complicated. In the quiescent liver, farnesoid X receptor (FXR) partially represses Gank, however, with DENmediated carcinogenesis, there is a reduction of FXR, activation of Gank, and subsequent activation of the cascade of Gank-dependent pathways including loss of TSPs. 7 Our recent article showed that activation of FXR by GW4064 inhibits the development of liver cancer and that the FXR-Gank axis is involved in the development of pediatric liver cancer. 9 In agreement with these findings, a recent report showed that DEN-mediated liver cancer is reduced significantly in mice with liver-specific deletion of Gank. 20 In this study, we examined the proliferative activities of Gank in recently generated liver-specific Gank liver-specific knock-out (LKO) mice. By using 2 models of liver proliferation/regeneration, partial hepatectomy (PH), and CCl 4 treatments, we obtained evidence showing that Gank promotes liver proliferation via direct interaction and elimination of at least 5 TSPs. We also found that inhibition of Gank by a small drug, cjoc42, inhibits proliferation of liver cancer by blocking the Gank-TSPs axis, suggesting that cjoc42 might be considered a novel therapy approach.
Methods

Animals
Experiments with animals were approved by the Institutional Animal Care and Use Committee at Cincinnati Children's Hospital (protocol IACUC2014-0042). A Gank LKO (GLKO) mouse model was created using the Cre-Lox system. Mice expressing the Cre recombinase protein driven by the albumin promoter were crossed with mice that had LoxP sequences flanking exons 2-4 of the Gank gene. The resulting offspring had the Gank gene excised only in cells expressing albumin.
Histology
Liver tissue was taken from the left lobe and fixed in 4% formaldehyde. Mice were injected intraperitoneally with 66.5 mg/kg bromodeoxyuridine (BrdU) 4 hours before harvest. BrdU incorporation was measured using a commercially available kit (93-3943; Invitrogen, Carlsbad, CA).
Partial Hepatectomy and CCl 4 -Induced Liver Injury
LoxP and GLKO mice were maintained as previously described. 17 Experiments were performed on young mice (age, 2-3 mo).
Partial hepatectomy. Surgery was performed as described in our previous publications and review articles. 6, 21, 22 Four to 5 animals per each time point were analyzed. BrdU was injected 4 hours before death, livers were collected, and proteins and messenger RNA (mRNA) were isolated and analyzed as described later.
Acute CCl 4 Treatments. Treatment of mice with CCl 4 was performed as described in our article. 23 Male mice were injected intraperitoneally with a single dose of 10% CCl 4 in olive oil (5.0 mL/kg). Data represent summaries of work with 4-5 mice per time point. Experiments with animals were approved by the Institutional Animal Care and Use Committee at Cincinnati Children's Hospital (protocol IACUC2014-0042).
Cjoc42 Studies in Cancer Cell Lines
Cjoc42 was synthesized as described in the article first describing this drug. 24 Successful synthesis was confirmed by mass spectrometry. Cjoc42 was dissolved in 100% dimethyl sulfoxide to make a 10 mmol/L stock solution. Huh6 cells (kindly gifted from Dimiter-Karl Bissig) were grown in Dulbecco's modified Eagle medium (Fisher, Waltham, MA) and Hepa1c1c7 (European Collection of Authenticated Cell Cultures 95090613) were grown in Alpha-Minimum Essential Medium þ GlutaMAX without nucleosides (Fisher). All media were supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were treated with 1, 5, and 10 mmol/L of cjoc42 at a final dilution of 0.1% dimethyl sulfoxide for 48-72 hours. Cells were incubated at 37 C in a CO 2 incubator.
RNA Sequencing: Total RNA Was Isolated From 3 LoxP and 3 Gank LKO Mice RNA sequencing libraries were prepared using an Illumina TruSeq RNA preparation kit and sequenced on the Illumina HiSeq 2500, using paired-end, 100-bp reads (Illumina, San Diego, CA). After removal of primers and barcodes, reads were aligned using mm10 annotations produced by University of California Santa Cruz, and quantified using Kallisto (Pasadena, CA), which accurately quantifies read abundances (in transcripts per million) through pseudoalignment. All statistical analysis was performed in GeneSpring (Santa Clara, CA) 13.0. Raw counts were thresholded at 1, normalized using a 75th percentile shift, and baselined to the median of all samples (n ¼ 31,253 transcripts). A filtration was applied to ensure analysis of reasonably expressed transcripts, requiring at least 2 reads in >50% of samples in at least 1 experimental condition (n ¼ 10,427 transcripts). Differential expression was assessed between treatment and genotype conditions using a 2-way analaysis of variance, with a significance cut-off value of FC > 1.5 (n ¼ 672 transcripts across 2 comparisons). RNA sequencing data may be accessed in NCBI's Gene Expression Omnibus: GSE104395.
Real-Time Quantitative Reverse-Transcriptase Polymerase Chain Reaction
Total RNA was isolated from mouse and human livers using the RNEasy Plus mini kit (Qiagen, Hilden, Germany). Complementary DNA (cDNA) was synthesized with 2 ug of total RNA using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). cDNA was diluted 5 times with diethyl pyrocarbonate-treated water and subsequently used for reverse-transcription polymerase chain reaction (RT-PCR) assays with the TaqMan Gene Expression system (Applied Biosystems). Gene expression analysis was performed using the TaqMan Universal PCR Master Mix (Applied Biosystems) in a total volume of 10 mL containing 5 mL Master Mix, 1.5 mL water, 3 mL cDNA template, and 0.5 mL of the gene-specific TaqMan Assay probe mixture. The cycling profile was 50 C for 2 minutes, 95 for 10 minutes, followed by 40 cycles of 95 C for 15 seconds, and 60 C for 1 minute as recommended by the manufacturer. TaqMan probe mixtures were purchased from ThermoFisher (Waltham, MA). The following probes were used: cytochrome (CYP)7A1, Mm00484150_m1; CYP2E1, Mm00491127_m1; Monoacylglycerol O-Acyltransferase 1, Mm00503358_m1; Peroxisome proliferator-activated receptor gamma, Mm00440940_m1; CUGBP1 (CELF1), Mm042 79608_m1; C/EBPa, Mm01265914_s1; HNF4a, Mm012 47712_m1; C/EBPB, Mm00843434_s1; JUN, Mm00495 062_s1; and nuclear factor-kB1, Mm00476361_m1. Levels of all mRNAs were normalized to b-actin.
Protein Isolation, Western Blot, Co-Immunoprecipitation, and 2-Dimensional Gel Electrophoresis
Nuclear and cytoplasmic extracts were prepared as previously described. 6, 7 Lysates (50-100 mg) were loaded onto 4%-20% gradient gels (Bio-Rad, Hercules, CA) and transferred to nitrocellulose membranes (Bio-Rad). Membranes were probed with corresponding antibodies. Coimmunoprecipitations and 2-dimensional (2D) examinations of the proteins were performed as previously described. 6, 7 The following antibodies were used: CUGBP1 (sc-20003; Santa Cruz, Dallas, TX), C/EBPa (sc-61; Santa Cruz), Gank (12985S; Cell Signaling Technologies, Danvers, MA), HNF4a (PP-K9218-00; Perseus Proteomics), Rb (sc-50; Santa Cruz), E2F1 (sc-193; Santa Cruz), pRb (3590S; Cell Signaling Technologies), p53 serine 6 (sc-135630; Santa Cruz), b-actin (A5316; Sigma, St. Louis, MO), cyc D1 (RM-9104-S1; Thermo), proliferating cell nuclear antigen (PCNA) (sc-7907; Santa Cruz), Cyclin-dependent kinase 1 (cdc2) (sc-954; Santa Cruz), cyclin E (sc-481; Santa Cruz), cyclin A (sc-751; Santa Cruz), p21 (sc-6246; Santa Cruz), and p27 (sc-1641; Santa Cruz). Membranes then were incubated with the corresponding secondary horseradish-peroxidase-coupled antibodies: sc-2031 and sc-2313 (Santa Cruz) or 18-8817-31 and 18-8816-33 (Rockland, Limerick, PA).
Proliferation Assay
Huh6 and Hepa1c1c7 cells were seeded in 96-well plates at 5.0 Â 10 4 . Images were taken at 24 hours after seeding before treatment. Cells were treated with 10 mmol/ L cjoc42, and at 72 hours after treatment media was removed and cells were washed with 1Â phosphatebuffered saline. As per the CyQUANT Cell Proliferation Assay Kit (MP07026; Invitrogen), 200 mL CyQUANT GR dye/cell lysis buffer was added to each well and incubated for 2-5 minutes at room temperature, protected from light. Fluorescence was measured using a fluorescence plate reader with filters for 480 nm excitation and 520 nm emission maxima.
Immunohistochemistry
Liver sections were fixed overnight in 4% paraformaldehyde, embedded in paraffin, and sectioned (6-mm sections). Four hours before tissue harvest mice were injected intraperitoneally with 66.5 mg/kg BrdU for histologic examination. BrdU staining was performed using a BrdU up-take assay kit (Invitrogen). Glutamine synthetase (610517) antibody was purchased from BD Biosciences (San Jose, CA). The Apoptag kit was from Millipore (St. Louis, MO) for terminal deoxynucleotidyl transferasemediated deoxyuridine triphosphate nick-end labeling staining. For detection of proliferating progenitor cells in livers after PH, we performed co-staining of markers of progenitor cell epithelial cell adhesion molecule and osteopontin (Opn), and BrdU/4 0 ,6-diamidino-2-phenylindole staining as described previously. 25 Epithelial cell adhesion molecule antibody (ab71916) and BrdU (ab2284) antibody were purchased from Abcam (Cambridge, MA). Opn antibody (AF808) was purchased from R&D Systems (Minneapolis, MN).
Statistical Analysis
All values are presented as means ± SEM. An unpaired Student t test was applied for comparison of normally distributed data. Two-way analysis of variance was used with a Bonferroni test for multiple comparisons between different time points if the P value was < .05. Statistical significance was defined as follows: *P < .05, **P < .01, and ***P < .001, and ****P < .0001. All statistical analyses were performed using GraphPad Prism 6.0 (La Jolla, CA).
All authors had access to the study data and reviewed and approved the final manuscript.
Results
Generation and Characterization of Gank LKO Mice
Previous studies of the role of Gank in liver biology have been performed in wild-type (WT) animals and presented only correlative observations. To understand the causal role of Gank in the regulation of liver biology and liver proliferation, we generated GLKO mice using the Cre-Lox system. Albumin-Cre mice were crossed with mice that had LoxP sequences flanking exons 2-4 of the Gank gene, resulting in deletion of the Gank gene only in cells expressing albumin. We partially described these mice in our previous article in which we found that Gank interacts and eliminates the tumor-suppressor isoform of CUGBP1.
17 Figure 1 presents the main characteristics of the Gank LKO mice. The Gank LKO mice did not show any notable phenotype within 1 year of life. Gross liver examination of 2-month-old Gank LKO mice showed no morphologic differences compared with control LoxP mice ( Figure 1A ). In addition, there were no histologic differences in H&E, Oil Red O, and marker of proliferation ki67 (ki67) staining, illustrating that the deletion of Gank in hepatocytes does not change hepatocyte morphology and fat deposition ( Figure 1B) . Although we detected a slight reduction of ki67-positive hepatocytes in Gank LKO mice ( Figure 1B , bar graphs), this reduction was not statistically significant. Note that the number of ki67-positive hepatocytes in control LoxP mice was approximately 1%, indicating very low or no proliferation. Examination of blood parameters also showed no differences in hepatic function ( Figure 1C ). It is important to note that at the time of writing this article, Sakurai et al 20 published an article with the generation of Gank LKO mice and also did not detect any abnormalities in these mice under normal conditions.
Deletion of Gank in the Liver Leads to Changes in Expression of Genes Within Several Critical Pathways of Liver Biology
Although no significant abnormalities of liver biology were found in the initial characterization of Gank LKO mice, it is likely that the deletion of such an important molecule of the UPS in adult mice should lead to alterations in gene expression. To test this possibility, we performed RNA sequencing and compared transcriptome profiling in livers of Gank LKO and LoxP mice. A heat map diagram clearly showed that a large body of mRNAs are up-regulated and down-regulated in Gank LKO mice compared with LoxP mice (Figure 2A ). Ontologic examination showed that altered genes belong to the pathways involved in the immune system, fat metabolism, liver proliferation, and carcinogenesis ( Figure 2B ). The list of major up-regulated and down-regulated pathways is presented in Figure 2C . The alterations of key genes were confirmed by the quantitative RT-PCR approach, for which an example is shown in Figure 2D . Overall, some of the most significantly downregulated genes by RNA sequencing involved pathways in liver cancer and regeneration, strongly suggesting that Gank promotes liver proliferation. mRNA levels of liver regeneration genes C/EBPb, c-jun, and nuclear factor-kB were reduced in the majority of examined GLKO mice ( Figure 2D ). However, we have found variability in some animals of both genotypes. Based on RNA sequencing results, we further investigated in-depth the proliferative capacities of the Gank LKO livers. Before the examination of liver proliferation in Gank LKO mice, we asked if the ectopic expression of Gank could initiate proliferation in WT livers. To study this, Gank-expressing plasmid was administered by tail vein injection to WT mice and DNA replication was examined by BrdU staining. BrdU was injected 24 hours after injection of Gank plasmid and 4 hours before killing mice. Figure 2E shows that the injection of Gank leads to a 3-to 4-fold increase of Gank mRNA in the liver. Measurements of BrdU uptake showed that ectopic expression of Gank initiated hepatocyte proliferation and that up to 15% of hepatocytes proliferate 24 hours after injection of Gank plasmid. No proliferation was detected in mice injected with empty plasmid complementary (DNA) vector ( Figure 2F and G). These studies showed that Gank alone is able to initiate DNA replication in normal hepatocytes, indicating that Gank is a very strong initiator of liver proliferation and that its overexpression in cancer might be a critical event in malignant transformation.
Livers of Gank LKO Mice Have Reduced Liver Proliferation After Partial Surgical Resection
To study the role of Gank in liver proliferation, we first used a PH model. We performed two-thirds PH with Gank LKO mice and LoxP control mice. Animals were killed at 24, 36, 48, 72, and 96 hours after surgery. Four mice were used for each time point. As shown in Figure 3A and B, DNA replication (BrdU uptake) was inhibited dramatically in livers of Gank LKO mice at 36 hours compared with LoxP mice and shifted to 72 hours after PH. Consistent with this result, examination of mitotic figures showed a dramatic reduction of mitosis in livers of Gank LKO mice compared with LoxP control mice ( Figure 3C and D). To obtain additional evidence for the reduction of liver proliferation, we examined levels of cell-cycle proteins PCNA, cyclin D1, cdc2, cyclin E, and cyclin A. These studies supported our histologic findings, with reduced levels of these proteins in livers of Gank LKO mice compared with livers of LoxP mice ( Figure 3E and F for PCNA, cdc2, and cyclin D1; and Figure 4A for cyclins A and E). Note that although the difference in cyclin D1 expression was minor, other cell-cycle proteins showed much less increase in Gank LKO mice. Overall, the PH model of liver regeneration confirmed that Gank is required for liver proliferation. Histologic analysis was performed in 3 LoxP and 3 GLKO mice, examining 4-5 fields/animal. Ki67 quantitation was performed in 3 mice per group, counting the number of Ki67-positive hepatocytes in 3 fields/mice (P > .09) (C) Blood parameters of LoxP and Gank LKO mice using 6 LoxP mice and 8 GLKO mice. P values were as follows: alanine aminotransferase (ALT) (P > .46), total bilirubin (P > .92), alkaline phosphatase (P > .09), total protein (P > .2), albumin (P > .1), and globulin (P > .9).
Reduction of Proliferative Capacities of Gank LKO Mice Is Owing to the Lack of Reduction of Tumor-Suppressor Proteins After PH
Because Gank triggers degradation of TSPs in proliferating cancer cells, 7, 9 we examined if the deletion of Gank might change the expression of 4 TSPs: CUGBP1, C/EBPa, HNF4a, and Rb. CUGBP1 has been included in these studies because we recently have found that it is a TSP that is degraded by Gank in DEN-mediated cancer as well as pediatric liver cancer. 17 Western blot analyses of nuclear extracts with antibodies to these TSPs is shown in Figure 4A . We found that all 4 examined TSPs are reduced in livers of LoxP mice after PH; however, no reduction of these proteins was observed in Gank LKO mice. Quantitation of protein levels of TSPs as ratios to b-actin showed that, although the degree of reduction for each protein is different, Gank LKO livers have much higher levels of TSPs after PH during the entire time period examined ( Figure 4B ). It is important to note that protein levels of HNF4a are increased in quiescent livers of GLKO mice before PH. Examination of levels of mRNAs for TSPs showed that the patterns of expression of these mRNAs are mostly similar in LoxP and Gank LKO mice ( Figure 4C ), strongly suggesting that the differences in protein levels are owing to degradation of proteins. Because
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cell-cycle inhibitors p21 and p27 regulate liver proliferation, we also examined their expression in GLKO mice and found that overall levels of these proteins were slightly higher in GLKO mice within 96 hours after PH ( Figure 4A ). However, these differences are not as high as differences for targets of Gank: CUGBP1, C/EBPa, HNF4a, and Rb. Therefore, we further examined if Gank interacts with and reduces these TSPs in LoxP mice after PH. For this goal, we used co-immunoprecipitation (Co-IP). These investigations showed that Gank interacts with all examined TSPs within 24-72 hours after PH, whereas no interaction was observed in Gank LKO mice ( Figure 4D ). To examine consequences of the Gank-mediated degradation of Rb, we determined levels of Rb-E2F1 complexes that repress cell-cycle progression. We found that the amount of these complexes was higher in livers of Gank LKO mice, supporting the reduced cell-cycle progression and proliferation ( Figure 4D , bottom). Interestingly, although Gank levels were not increased and remained stable at all time points after PH, the interaction of Gank with TSPs was not detected in LoxP mice before PH (time 0) and at 96 hours after PH, suggesting that some additional mechanisms regulate these interactions. To P values for PCNA were as follows: 0 hours (P > .99), 24 hours (P > .99), 36 hours (P < .0002), 48 hours (P < .0001), 72 hours (P < .0019), and 96 hours (P > .99). P values for cdc2 were as follows: 0 hours (P > .99), 24 hours (P > .99), 36 hours (P < .03), 48 hours (P < .0001), 72 hours (P > .05), and 96 hours (P > .99). CRM; cross-reactive molecule. Two way analysis of variance *P < .05, **P < .01, ***P < .001, ****P < .0001 LoxP vs GKO. Statistical analysis was performed with biological replicates. P values for CUGBP1 were as follows: 0 hours (P > .99), 24 hours (P < .03), 36 hours (P < .01), 48 hours (P < .0001), 72 hours (P > .99), and 96 hours (P < .03). P values for HNF4a were as follows: 0 hours (P < .0001), 24 hours (P < .0001), 36 hours (P < .0001), 48 hours (P < .0001), 72 hours (P < .0019), and 96 hours (P < .0001). P values for C/EBPa were as follows: 0 hours (P > .13), 24 hours (P < .001), 36 hours (P < .02), 48 hours (P > .49), 72 hours (P > .99), and 96 hours (P > .99). P values for Rb were as follows: 0 hours (P < .01), 24 hours (P > .35), 36 hours (P > .19), 48 hours (P > .16), 72 hours (P > .99), and 96 hours (P > .99). (C) Levels of C/EBPa, CUGBP1, and HNF4a mRNAs after PH as ratios to b-actin mRNA. Experiments were performed with 2 biological replicates per genotype and time point and 2 technical replicates. Statistical analysis was performed with biological replicates. P values for CUGBP1 were as follows: 0 hours (P > .99), 24 hours (P > .99), 36 hours (P < .01), 48 hours (P > .85), 72 hours (P > .99), and 96 hours (P > .99). P values for HNF4a were as follows: 0 hours (P > .99), 24 hours (P > .09), 36 hours (P > .34), 48 hours (P > .99), 72 hours (P < .0001), and 96 hours (P > .99). P values for C/EBPa were as follows: 0 hours (P > .88), 24 hours (P > .59), 36 hours (P < .003), 48 hours (P < .004), 72 hours (P < .001), and 96 hours (P > .07). (D) Gank interacts and triggers degradation of TSPs in livers of LoxP mice, but not in the livers of Gank LKO mice. Gank was immunoprecipitated from nuclear extracts isolated from LoxP and Gank LKO livers and the IPs were probed with antibodies to CUGBP1, HNF4a, C/EBPa, and Rb. The bottom panel shows IP of E2F1 and Western blotting of IPs with antibodies to Rb. The most notable differences between LoxP and Gank LKO in the E2F1 IP were at 48-96 hours (illustrated with a black line). The Co-IP with C/EBPa had 1 technical replicate and all others were performed once. (E) Examination of post-translational modifications of Gank by 2D gel electrophoresis-Western blot assay. Nuclear extracts from livers of LoxP mice (0-hour time point and 48 hours after PH) were separated by 2D technique and probed with antibodies to Gank. Red arrows and circles show isoforms that are increased significantly in livers at 48 hours after PH. (F) A hypothesis for the inhibition of liver proliferation after PH in Gank LKO mice (see text). Two way analysis of variance *P < .05, **P < .01, ***P < .001, ****P < .0001 LoxP vs Gank LKO. HRS, hours.
examine this possibility, we examined post-translational modifications of Gank at 0 and 48 hours after PH using 2D gel electrophoresis. These studies showed that Gank undergoes post-translational modifications after PH and there are at least 3 additional isoforms that differ by charge ( Figure 4E , circles). We suggest that these modifications change the activity of Gank and increase its interactions with TSPs. In summary, studies of liver proliferation after PH showed that Gank triggers degradation of 4 strong TSPs that allow for liver proliferation. This Gankmediated reduction does not take place in Gank LKO mice within 96 hours after surgery and the high levels of these TSPs inhibit liver proliferation within this time frame ( Figure 4F ).
Failure of GLKO Hepatocytes to Proliferate After PH Causes Proliferation of Hepatic Progenitor Cells, Which Leads to Restoration of Original Size 14 Days After PH
Because hepatocytes of the liver of GLKO mice have very weak proliferation (or do not proliferate) within 96 hours after PH, we expected that GLKO mice would not be able to restore their original liver size or would have a delay in restoration. To test this suggestion, we examined liver size (liver/body ratio) at 7 and 14 days after PH in LoxP and GLKO mice. We examined 4 mice for each time point and for each genotype and surprisingly found that, opposite to our expectations, all GLKO mice had an increased liver size at 7 days, which then went back to normal at 14 days after PH ( Figure 5A ). Given this unexpected result, we further examined possible mechanisms that are used by GLKO mice to increase liver mass above normal size. It has been shown previously that if hepatocyte proliferation is inhibited, there may be an appearance of progenitor cells that start proliferation and subsequently differentiate into hepatocytes. 26 Therefore, we next examined if progenitor cells proliferate in GLKO mice after PH. For these studies, we selected the 72-hour time point after PH, with the belief that initiation of proliferation at that time likely would contribute to the pattern of liver mass restoration seen at 7 days. A typical picture of big fields of LoxP and Gank LKO livers with OpnBrdU-4 0 ,6-diamidino-2-phenylindole staining is shown in Figure 5B (regions with proliferating progenitor cells are marked by white squares). Calculations of BrdU-positive progenitor cells showed that up to 5-6 proliferating progenitor cells were detected in a 0.28-mm 2 field of livers of GLKO mice; although many fields of the same size in LoxP mice did not have proliferating progenitor cells. Recalculation per several fields showed that LoxP livers contained 0.2-0.3 progenitor cells per field ( Figure 5C ). For further examinations, livers were co-stained with markers of progenitor cells EpCam and Opn, and then with BrdU. The results for LoxP mice are shown in Figure 5D . Control livers of LoxP mice contained just a few small cells positive for these markers of progenitor cells and BrdU; however, GLKO livers contained a much higher number of BrdU-positive progenitor cells. Figure 5E shows examples of these studies with 3 GLKO mice. The right panel shows high magnifications of regions 1 and 2 of Figure 5B . These results suggest that oversized livers of GLKO mice at 7 days may be the result of small cell proliferation and perhaps further differentiation into hepatocytes. Further studies are required for detailed investigations of the role of progenitor cells in the restoration of liver mass in GLKO mice at 7-14 days after PH.
Gank LKO Mice Have Identical Levels of Liver Injury After CCl 4 Injections, but Have Inhibited Liver Proliferation
To obtain additional proof that livers of Gank LKO mice have reduced proliferative capacities, we applied a second approach to induce proliferation: acute treatment with CCl 4 . LoxP and Gank LKO mice were injected with CCl 4 as described in our reports 21, 23 and animals were killed at 24, 48, 72, and 96 hours after injection. Because the proliferative response of the liver to CCl 4 injections strongly depends on the CCl 4 -mediated liver injury and on the number of dead hepatocytes, we first performed careful examination of liver injury in LoxP and Gank LKO mice. H&E staining, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling staining, and glutamine synthase staining showed no significant differences ( Figure 6A-C) , indicating that deletion of Gank does not affect the response to liver injury with CCl 4 . Note that a small difference in apoptotic hepatocytes was observed at 72 hours, at which time Gank LKO mice showed less staining. To further compare liver injury in LoxP and Gank LKO mice, we measured levels of CYP2E1, an enzyme that converts CCl 4 into a toxic CCl3 þ molecule. No significant differences in expression of CYP2E1 mRNA and proteins were detected ( Figure 6D ). We also examined liver injury through measurement of serum transaminase levels. Despite no changes by histology or CYP2E1 expression, there was a significant difference in liver injury determined by aspartate aminotransferase and alanine aminotransferase, with LoxP mice having higher transaminase levels 48 hours after PH compared with Gank LKO mice ( Figure 6E ).
To examine proliferation of the liver, we injected CCl 4 -treated mice with BrdU and examined the number of BrdU-positive hepatocytes. BrdU uptake showed quite complicated patterns of liver proliferation. Consistent with data for PH, proliferation of hepatocytes was inhibited dramatically in Gank LKO mice at 48 hours; whereas LoxP mice had a very high level of proliferation of hepatocytes that reached up to 80%-90% ( Figure 7A and B) . However, in contrast to PH, hepatocytes of GLKO mice start a robust proliferation at 72 and 96 hours after CCl 4 injections. Given the dramatic difference in proliferation of hepatocytes at 48 hours, we further investigated molecular events at 48 hours. Examination of expression of Gank showed that protein levels of Gank were not increased after CCl 4 treatment in LoxP mice (Figure 7C and D) . Interestingly, a very long exposure of Gank film showed an increase of Gank in Gank LKO mice, suggesting that, similar to late time points after PH, nonparenchymal or progenitor cells (Alb Cre eliminates Gank in hepatocytes and cholangiocytes) might proliferate and express Gank, or progenitor cell proliferation is not regulated by Gank. Cyclin D1 was increased in both groups at 48 hours; however, the level of increase was significantly higher in livers of LoxP mice than in livers of Gank LKO mice ( Figure 7C and D) . Taken together, we found that CCl 4 treatment caused similar liver injury in LoxP and Gank LKO mice; however, the proliferation of hepatocytes in livers of Gank LKO mice was reduced significantly at 48 hours, but was initiated at later time points.
Inhibition of Proliferation in CCl 4 -Treated Gank LKO Mice at 48 Hours Is Associated With High Levels of Tumor-Suppressor Proteins
We next examined mechanisms by which deletion of Gank inhibits liver proliferation at 48 hours after CCl 4 . Because the failure to reduce TSPs causes inhibition of proliferation after PH (Figure 4) , we tested if a similar mechanism was involved in the inhibition of proliferation at 48 hours after CCl 4 treatment. Western blot with TSPs HNF4a, C/EBPa, Rb, and p53 showed complex patterns of expression; however, the consistent result for these proteins is that all of them were reduced significantly in LoxP mice, but they were increased in Gank LKO mice at 48 hours ( Figure 8A ). Densitometric calculations of their levels as ratios to b-actin showed up to a 10-fold difference for HNF4a, C/EBPa, and Rb, and a 2-fold difference for p53 at 48 hours after CCl 4 treatment ( Figure 8B ). Note that the 48-hour time point is the time when liver proliferation was most notable in LoxP mice; however, it was reduced dramatically in Gank LKO livers compared with LoxP mice (Figure 7) . Given that the dramatic difference in TSPs occurs 48 hours after CCl 4 injection, we examined if Gank triggers degradation of the TSPs at that time. The Co-IP approach showed that Gank interacts with all examined TSPs at 48 hours in LoxP livers, but no interaction was found in livers of Gank LKO mice ( Figure 8C ). Note that for these Co-IP studies we used 5 times more proteins from LoxP mice. It also is interesting to note that levels of TSPs at 72 and 96 hours after CCl 4 did not differ significantly in LoxP and GLKO mice, which is in agreement with observations showing comparative hepatocyte proliferation at these time points (Figure 7A and B) . Based on these results, we suggest that the inhibition of liver proliferation in Gank LKO mice at 48 hours after CCl 4 treatments is attributed to high levels of TSPs in the absence of Gank ( Figure 8C , diagrams on the right).
Block of Interactions of TSPs With Gank by Small Drug cjoc42 Rescues TSPs and Inhibits Proliferation of Cancer Cells
Although experiments with Gank LKO mice provided strong support for the hypothesis that Gank inhibits liver proliferation through elimination of TSPs, the causal role of Gank in this elimination needed additional confirmation in a different setting. To obtain such evidence, we performed studies in cultured liver cancer cells Huh6 (human) and Hepa1c1c7 (mouse). A recent report described the identification of the small drug cjoc42, which binds to Gank and blocks its interactions with TSPs such as p53. 24 We synthesized cjoc42 and treated cancer cells with 1 and 5 mmol/L cjoc42. Western blot analysis showed that the cjoc42-mediated block of interactions of Gank with 
4). Each sample on
Western blot represented a biological replicate (5 LoxP mice and 7 Gank LKO mice), which also was used for quantitative RT-PCR. Both experiments had 2 technical replicates. (E) Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) from LoxP and Gank LKO mice at the 0-hour time point and at 48 hours after CCl 4 injection. Serum analysis was performed on 3 mice per genotype and per time point. P values for ALT were as follows: 0 hours (P > .99) and 48 hours (P < .0001). P values for AST were as follows: 0 hours (P > .99) and 48 hours (P < .0001). Two way analysis of variance. ****P < .0001 LoxP vs Gank LKO.
proteasome significantly increased the levels of CUGBP1 in the cytoplasm (Huh6 cells) and nuclear levels of C/EBPa, p53-Ser6-ph, and HNF4a ( Figure 9A ). We chose to look at p53 Ser6 because of our recent finding showing that this modification is a strong characteristic of liver cancer. Calculations of these proteins as ratios to b-actin showed a significant increase of TSPs in cells treated with cjoc42 ( Figure 9B ). Interestingly, there was a statistically significant reduction in Gank after treatment with 5 mmol/L of cjoc42. In addition, Co-IP studies showed that Gank interacts with all of these TSPs in untreated Huh6 cells, whereas weak or no interactions were detected in cjoc42-treated Huh6 cells ( Figure 9C ). These results were unexpected because the original report showed that cjoc42 inhibited interactions of Gank with the rest of the 26S proteasome only. Therefore, our data show that, in addition to inhibition of interactions with the proteasome, cjoc42 also blocks the interaction between Gank and TSPs and may directly reduce Gankyrin expression as well. We suggest that cjoc42 causes conformational changes in the 3-dimensional structure of Gank that prevents its interactions with both TSPs and the 26S proteasome. Taken together, the inhibition of the Gank-TSP interaction by cjoc42 leads to the increase of TSPs.
To determine the biological consequences of Gank inhibition, we evaluated the proliferation of cancer cells treated with cjoc42. A 72-hour proliferation assay using 10 mmol/L of cjoc42 showed a significant reduction in the proliferation of Huh6 and Hepa1c1c7 cells ( Figure 9D) . Examination of Note that low levels of Gank are detected in Gank LKO mice at 24 and 48 hours after CCl 4 injections, perhaps because of proliferation of nonparenchymal cells in which Cre is not expressed. P values for Gankyrin were as follows: 0 hours (P < .0001), 24 hours (P < .0001), and 48 hours (P < .001). P values for cyclin D1 were as follows: 0 hours (P < .25), 24 hours (P > .99), and 48 hours (P < .0009). Two way analysis of variance. *P < .05, ***P < .001, ****P < .0001 LoxP vs Gank LKO.
cell images showed that untreated Huh6 and Hepa1c1c7 cells formed big colonies at 3 days after plating, whereas treated cells stayed as small colonies ( Figure 9E , black arrows show big colonies, red arrows show small colonies). In addition, cell-cycle protein cdc2 was reduced by Western blot in cjoc42-treated cells at both 1-and 5-umol/L doses ( Figure 9A and B). Given that Gank previously was shown to promote the loss of hepatocyte markers, 18 we examined such markers using quantitative RT-PCR. We found that after treatment of Huh6 cells with cjoc42, there was an increase in mature hepatocyte markers Orosomucoid 1 and CYP3A4 ( Figure 9F , top) and an increase in Orosomucoid 2 after treatment in Hepa1c1c7 cells ( Figure 9F, bottom) . This finding shows how Gank inhibition through cjoc42 not only reduces proliferation, but has other biological implications that weaken carcinogenesis. Figure 10 summarizes studies in cultured cancer cells. Based on our data, we suggest that Gank-mediated degradation of TSPs by UPS promotes proliferation of cancer cells. We found that cjoc42 inhibits both interactions of Gank with the 26S proteasome and with TSPs, which lead to the rescue of TSPs and inhibition of proliferation of cancer cells (Figure 10 ).
Discussion
Hallmarks of cancer include sustaining proliferative signaling and evading growth suppressors, which commonly is achieved through activation of oncogenes and elimination of TSPs. 27 The quiescent liver expresses up to 20 TSPs, which are severely reduced in liver cancer 9, 28 ; however, the causal role of the oncogene-TSP pathways in the initiation of liver proliferation is not well understood. Previous studies have shown that increase of the oncogene Gank correlates with the proliferation seen in liver cancer, but the exact role of Gank in liver proliferation had not been examined because of a lack of appropriate animal models. Calculations of levels of TSPs as ratios to b-actin using biological replicates. P values for HNF4a were as follows: 0 hours (P > .99), 24 hours (P > .99), 48 hours (P < .0002), 72 hours (P > .05), and 96 hours (P > .99). P values for Rb were as follows: 0 hours (P > .99), 24 hours (P > .18), 48 hours (P < .009), 72 hours (P > .33), and 96 hours (P > .99). P values for C/EBPa were as follows: 0 hours (P > .99), 24 hours (P > .19), 48 hours (P < .03), 72 hours (P < .009), and 96 hours (P > .86). P values for p53 were as follows: 0 hours (P < .002), 24 hours (P > .23), 48 hours (P < .02), 72 hours (P > .99), and 96 hours (P > .99). (C) Gank interacts with TSPs in livers of LoxP mice at 48 hours after CCl 4 injury. Co-IP assay was applied for these studies. Nuclear extracts of LoxP and Gank LKO mice (200 mg for LoxP 0-hour time point and Gank LKO at 0 and 48 hours and 1 mg for LoxP at 48 hours) were incubated with antibodies to Gank and rabbit IgG beads (TrueBlot). After washing, IPs were loaded on the gel and probed with antibodies to Rb, p53, CUGBP1, C/EBPa, and HNF4a. The IPs were performed 3 times. Every IP was examined by Western blot with the earlier-mentioned antibodies. Right: Hypothetical mechanism for the failure of livers of Gank LKO mice to proliferate after CCl 4 -mediated injury. Two way analysis of variance. *P < .05, **P < .01, ***P < .001 LoxP vs Gank LKO. were as follows: CUGBP1 (cyto) (P < .04), CUGBP1 (nuc) (P > .61), C/EBPa (P < .0008), p53 serine 6 (P > .09), HNF4a (P > .18), cdc2 (P < .04), and Gankyrin (P > .49). P values for Huh6 cells treated with 5 umol/L cjoc42 were as follows: CUGBP1 (cyto) (P > .12), CUGBP1 (nuc) (P > .64), C/EBPa (P < .03), p53 serine 6 (P < .04), HNF4a (P > .38), cdc2 (P < .03), and Gankyrin (P < .03). P values for Hepa1c1c7 cells treated with 1 umol/L cjoc42 were as follows: CUGBP1 (cyto) (P > .5), CUGBP1 (nuc) (P < .45), C/EBPa (P > .13), p53 serine 6 (P > .06), HNF4a (P < .02), cdc2 (P > .09), and Gankyrin (P > .65). P values for Hepa1c1c7 cells treated with 5 umol/L cjoc42 were as follows: CUGBP1 (cyto) (P > .21), CUGBP1 (nuc) (P < .32), C/EBPa (P < .03), p53 serine 6 (P < .003), HNF4a (P < .02), cdc2 (P < .02), and Gankyrin (P < This experiment was performed with 2 biological replicates and 2 technical replicates. Statistical analysis was performed with biological replicates. P value for Orosomucoid 1 expression in Huh6 cells: 1 umol/L cjoc42 (P < .05) and 5 umol/L cjoc42 (P < .0008); CYP3A4 expression in Huh6 cells: 1 umol/L cjoc42 (P > .57) and 5 umol/L cjoc42 (P < .01). P value for Orosomucoid 2 expression in Hepa1c1c7 cells: 1 umol/L cjoc42 (P < .07) and 5 umol/L cjoc42 (P < .05). Two way analysis of variance. *P < .05, **P < .01, ***P < .001 LoxP vs Gank LKO.
Therefore, we generated a mouse line (GLKO) to further understand the mechanistic role of this oncogene. Initial examination of liver morphology and phenotype showed no significant changes in Gank LKO mice compared with LoxP mice, suggesting that Gank does not seem to play a role in the maintenance of liver biology and liver function in adult mice. However, examination of the global transcriptome profiling showed significant changes in multiple pathways including inflammation, fatty liver biology, carcinogenesis, and liver proliferation. Consistent with these findings, overexpression of Gank in quiescent livers stimulated proliferation of hepatocytes, supporting that Gank is an oncogene that promotes liver proliferation. Regulation of liver proliferation is quite complex and includes cooperation of multiple signaling networks, which include neutralization of TSPs and other proteins that inhibit liver proliferation. The most powerful systems to investigate liver proliferation are PH and acute treatment with CCl 4 . We found that in both of these models, Gank is a key promoter of liver proliferation and the deletion of Gank dramatically inhibits hepatocyte proliferation. In the course of our studies with PH, we surprisingly found that Gank LKO livers have a significant increase in liver mass at 7 days after surgery and return to their original size by day 14. Our studies showed that this phenomenon is associated with the appearance of progenitor cells and increased proliferation of these cells in Gank LKO livers. However, it is likely that additional mechanisms of growth are involved in restoration of liver mass after PH in GLKO mice. Regarding molecular mechanisms by which Gank promotes liver proliferation after PH and CCl 4 treatments, we obtained convincing evidence that Gank interacts with and reduces levels of several inhibitors including C/EBPa, HNF4a, Rb, and CUGBP1. It is interesting that in control LoxP mice, expression of Gank was not increased after PH and acute CCl 4 treatment, but its ability to interact with TSPs was increased dramatically. Although we do not know the mechanisms that initiate interaction of Gank with TSPs, one possibility is post-translational modifications of Gank after PH and CCl 4 that enhance its activity and interaction with TSPs. In this regard, 2D examination of Gank after PH showed the appearance of additional immune-reactive forms of Gank. In addition, there may be post-translational modifications of TSPs. It has been shown that after PH, C/EBPa and Rb undergo phosphorylation at Ser193 and Ser780, respectively, and that these modifications initiate interactions of Rb and C/EBPa with Gank. 6, 9 Independent of the underlying mechanisms, TSPs are eliminated by Gank in LoxP mice, allowing for proliferation of the liver; however, this elimination does not happen in Gank LKO mice, leading to the inhibition of liver proliferation ( Figures 3E and 7C) . In support of our mechanistic work with the Gank LKO mouse model, our studies with the small molecule binder of Gank, cjoc42, clearly show that the elimination of TSPs by Gank is a causal key event in the inhibition of hepatocyte proliferation.
Oncogenic activities of Gank in liver cancer have been well described starting in the early 2000s, 29 initially in HCC and more recently in hepatoblastoma. 9 The development of Gank-based approaches for the treatment of liver cancer, especially HCC and chemoresistant hepatoblastoma, is a promising direction. 30, 31 In this regard, it is important to note our recent work with inhibition of Gank by activating FXR. In the quiescent liver, Gank is partially repressed by FXR. However, FXR is reduced dramatically in both human HCC and mouse models of liver cancer, leading to an increase of Gank. 6, 32 We have found that the activation of FXR by agonist GW4064 and subsequent inhibition of Gank is sufficient to inhibit the development of liver cancer under conditions of DEN-mediated liver cancer. 9 In the current article, we initiated investigations of antitumor activities of the small molecule cjoc42 as a potential drug for Gankmediated inhibition of liver cancer. Experiments in 2 cancer cell lines showed that the cjoc42-mediated inhibition of Gank leads to the inhibition of cell proliferation, which correlates with the rescue of TSPs. Further examination of this drug in animals is underway and will show if cjoc42 might be considered for additional preclinical studies and eventually clinical trials. In summary, our work showed a critical role of Gank in liver proliferation and provides evidence that the inhibition of Gank should be considered as a potential approach for the treatment of liver cancer.
